Abstract. Aerosols and their precursors are emitted abundantly by transport activities. Transportation constitutes one of the fastest growing activities and its growth is predicted to increase significantly in the future. Previous studies have estimated the aerosol direct radiative forcing from one transport sub-sector, but only one study to our knowledge estimated the range of radiative forcing from the main aerosol components (sulphate, black carbon (BC) and organic carbon) for the whole transportation sector. In this study, we compare results from two different chemical transport models and three radiation codes under different hypothesis of mixing: internal and external mixing using emission inventories for the year 2000. The main results from this study consist of a positive direct radiative forcing for aerosols emitted by road traffic of +20±11 mW m −2 for an externally mixed aerosol, and of +32±13 mW m −2 when BC is internally mixed. These direct radiative forcings are much higher than the previously published estimate of +3±11 mW m −2 . For transport activities from shipping, the net direct aerosol radiative forcing is negative. This forcing is dominated by the contribution of the sulphate. For both an external and an internal mixture, the radiative forcing from shipping is estimated at −26±4 mW m −2 . These estimates are in very good agreement with the range of a previously published one (from −46 to −13 mW m −2 ) but with a much narrower range. By contrast, the direct aerosol forcing from aviation is estimated to be small, and in the range −0.9 to +0.3 mW m −2 .
Introduction
Although the direct radiative forcing of aerosols has been the focus of numerous studies, few have tried to evaluate the contribution of the transportation sector to this forcing. Transportation by road traffic, shipping or aviation is projected to grow significantly in the next decades. Hence, it is important to determine its contribution to the overall atmospheric burden of black carbon, organic carbon and sulphate aerosols. Here, we present estimates of the direct radiative forcing of the three main aerosol components emitted by transportation.
The main aerosol components produced from road, shipping and aircraft transport are: black carbon (or soot) which we will refer as BC, organic carbon (OC) and sulphate. Previous studies concentrated either on one component of the aerosol (Capaldo et al., 1999; Petzold et al., 1999; Köhler et al., 2001; Hendricks et al., 2004; Kjellström et al., 1999) or on the contribution of a given transportation subsector to the aerosol radiative effects (Schultz et al., 2004; Lee, 2004; Sausen et al., 2005; Lauer et al., 1997; Lee et al., 2009a) . A recent study from Fuglestvedt et al. (2008) gives a comprehensive view of the climate forcing from transport sectors. They contrasted the contribution of gases and of aerosols to the radiative forcing (RF) and calculate the integrated RF from these year 2000 emissions over time horizons of 20, 100 and 500 years. This approach is similar to the global warming potential approach adopted by the Kyoto Protocol, except that the integrated RF was not normalized to the effect of CO 2 . It appears from Schultz et al. (2004) , from Fuglestvedt et al. (2008) , and from the studies mentioned above, that radiative forcing of BC from road transport dominates the forcing from the two other contributions of OC and sulphate. Hence, the road sector as a whole exerts a positive Published by Copernicus Publications on behalf of the European Geosciences Union. aerosol forcing on climate. In contrast, the radiative forcing from particles or sulphur species emitted by shipping is dominated by sulphate and hence exerts a negative aerosol forcing on climate. Lauer et al. (2007) assessed the effect of international shipping on aerosols and clouds. Their simulations used three different ship emission inventories and calculated the resulting aerosol loads and direct and indirect forcings. The direct aerosol radiative forcing was estimated to be between −13 and −11 mW m −2 in all-sky conditions, more than an order of magnitude less than their estimates of the indirect forcing, which ranged from −600 to −190 mW m −2 depending on the inventory used and are much more negative than the direct forcing estimated by Fuglestvedt et al. (2008) .
We want here to establish the direct radiative forcing from aerosols produced by the transport sector: road, shipping and aviation. The inventories that are used for these three subsectors represent transport volumes for the year 2000. The use of different assumptions for aerosol mixing allows the quantification of the effect of enhanced absorption from BC when BC is internally mixed with other particles, such as OC and sulphate. These simulations allow us to estimate the part of the overall climate impact of human activities for which the transport sector is responsible.
Several studies have shown that the absorption of BC is enhanced if it is mixed with other particles (internal mixture) rather than separated from other particles (external mixture) (Bond et al., 2006; Fuller et al., 1999; Haywood and Shine, 1995) . In the atmosphere BC is observed to be in a combination of internal and external mixture (Cheng et al., 2006; Hara et al., 2003; Mallet et al., 2004; Wentzel et al., 2003) . Increasing the absorption for hydrophilic BC particles by 50% (but with no change for the hydrophobic BC particles) has been suggested as a simple method to account for the internal mixture (Bond et al., 2006) . This is discussed in more detail in Sect. 3.1. Using this approach the radiative forcing due to BC increases from 0.26 W m −2 to 0.33 W m −2 when simulating its change over the industrial era (a 28% increase) (Myhre et al., 2009 ). This hypothesis of internal mixing represents a coating on the BC particles and increases the RF less than a homogeneous internal mixture as assumed in previous radiative forcing calculations (Bond et al., 2006) .
We compare the forcings calculated by two different Chemical Models (CTMs) with two different assumptions for aerosol mixtures: externally mixed and internally mixed aerosols. The two models have their own description of hygroscopic growth and their own cloud scheme. To our knowledge, no study has compared the direct radiative forcings of transport-produced aerosols using different radiation codes. We use three radiation codes to evaluate how different assumptions related to aerosol properties influence the radiative forcing when using the same emission inventories. The estimates of the direct radiative forcing using these two assumptions for aerosol mixtures are compared to the sparse previously published estimates. This paper is organized as follows: Sect. 2 gives a description of the emission inventories, the aerosol parameterisations and of the radiation codes used by each of the three models respectively developed at LSCE near Paris, at University of Reading and at University of Oslo. Section 3 presents the radiative forcings and contrasts them with previous estimates. Conclusions from this study are contained in Sect. 4.
2 Description of the emission inventories, aerosol models and radiation codes
Aerosols and SO 2 emitted from the road-transport sector
The present work uses an emission inventory for BC, OC and SO 2 specific for road transport for the year 2000. The emissions from road transports are prescribed annually. Table 1 shows the global-mean emissions. This inventory was assembled within the QUANTIFY project (Borken et al., 2007) . It distinguishes between 5 categories of vehicles that are two-wheelers, passenger cars, buses, light and heavy duty trucks. The following types of fuels are treated separately within this inventory: diesel, ethanol, biodiesel and gasoline. Evaporative losses are not accounted for in this approach. Fuel consumption was computed for 216 countries and for 12 differentiated world regions. Consumption was estimated as the product of specific fuel consumption by the transport volumes (vehicle-kilometres). As a check of this bottom-up approach the numbers obtained for fuel consumption were then compared with data for fuel sales by country as described in Borken et al. (2007) . The data were averaged spatially on a 1 • ×1 • grid based upon population densities for both rural and urban areas provided by the Emission Database for Global Atmospheric Research (EDGAR) (Olivier et al., 2002) . Figure 1 presents BC emissions from road transport. Emissions of BC from road transport are concentrated in a few regions that account for more than two thirds of the total emissions. Borken et al. (2007) pointed out two types of high emitters: countries where transport volumes are important such as: the United States, Japan, Germany, France, United Kingdom, Canada and Italy and countries where emission controls are lower than in the G7 group: the five biggest being China, Brazil, Russia, Mexico and India. For SO 2 , BC and particulate organic carbon (POC), these five countries dominate the emissions in their respective regions. Köhler et al. (2001) estimated the contribution of road traffic to the total atmospheric black carbon for an emission inventory based on fuel consumption in 1993. This estimation of the mass of black carbon per mass of fossil fuel burnt distinguished between Organisation for Economic Co-operation and Development (OECD) countries in Europe, North America and the Pacific rim and the rest of the world. An emission factor of 2 gC (kg fuel) −1 was applied to OECD countries compared to 10 gC (kg fuel) −1 for non-OECD countries. The overall amount of BC produced from fossil fuel and emitted by road transport was estimated to be 2.4 Ktons C yr −1 . The black carbon produced by emissions from fossil fuels, biomass burning and air traffic were also included in the simulation. The total emissions from all these different sources amounts to 15.7 KtonsC yr −1 for the year 1993. In their simulation, the sinks for BC were treated simply with a halflife of 8 days in the free troposphere (from 850 hPa to the tropopause) decreasing to 9 h from the top of the boundary 4480 Y. Balkanski et al.: Direct radiative effect of aerosols emitted by transport layer to the surface. Bond et al. (2004) updated the estimate of BC emitted from fossil fuels based upon data published by Yanowitz et al. (2000) that take into account the age of the car fleet that is diesel-powered. Globally these authors computed that 0.792 KtonsC yr −1 were produced by burning diesel during on-road activity and 0.125 KtonsC yr −1 through burning of gasoline based upon fuel-use data for 1996.
In the present work the load of black carbon emitted from road traffic for 2000 amounts to 0.72 KtonsC yr −1 . Hence the black carbon source from roads is about one-third the estimation of Köhler et al. (2001) , more similar, though still 20% smaller, than Bond et al. (2004) . Aerosol loads over the regions that include G7 and emerging countries (China, Brazil, Russia, Mexico and India) are one order of magnitude greater than from other source regions.
Aerosols and SO 2 emitted from ships activity
The inventories for SO 2 , BC and OC emitted from shipping used for this study are based upon the work of Endresen et al. (2007 Endresen et al. ( , 2005 . Emissions from shipping are prescribed annually. Global-mean values are shown in Table 1 . The fuel-based emission inventory of Endresen et al. (2007) covers the period 1925 to 2002 and considers an average ship size for civil ships with tonnage greater than 100 Gtons. The fuel consumption is then calculated as a function of the average main engine power, average main engine load, bunker fuel consumed per power unit which depends on fuel type and days at sea (see Eq. 3 in Endresen et al., 2007) . Compared to the estimates of Corbet and Kohler (2003) and of Eyring et al. (2005) the estimate of fuel consumption for the year 2000 from Endresen et al. (2007) is 25% higher. The authors attribute a large part of this difference to different assumptions concerning the numbers of days at sea. The pattern of shipping emissions follows the main routes in the Northern Hemisphere (see Fig. 1 which shows BC as a proxy for all emissions). Traffic is very dense in the proximity of the North Sea region and the main transport pathways include the coastal waters of Western Europe, Eastern North America, Eastern Asia, and the main routes used to ship oil from the Middle East.
Aerosols and SO 2 emitted from aviation
Emissions from BC, particulate organic matter (POM) and SO 2 are scaled to International Energy Agency fuel data (IEA, 2007) . Aircrafts emissions are 3-D fields that are prescribed monthly to account for changes in aircraft traffic that occurs throughout the year. The magnitude of the total emissions of aerosols and precursors from aviation in terms of mass are one to two orders of magnitude smaller than from road transport or shipping. Hendricks et al. (2004) estimated the contribution of BC emitted from aircraft to be at most a few percent of the overall atmospheric BC produced. Here, we estimate this source to represent 0.01% of the total emissions from fossil fuel sources. The size of the BC particles produced from aircraft is much smaller than that from other emitters of black carbon. In contrast to the small portion of the mass it represents, Hendricks et al. (2004) estimated that the number of particles of BC produced from aircraft could represent more than 30% of the total particle numbers over a large part of the Northern Hemisphere free troposphere. Emissions from aircraft are concentrated in a latitude band from 20 to 50 • N (Fig. 1) . In terms of mass emitted from this sub-sector, there is a typical double maximum as a function of altitude: half of the emissions occur near the surface whereas the remaining half happens above an altitude of 6 km. Black carbon emissions are assumed to be independent of altitude with an emission index of 4×10 −5 kg/kg fuel (Döpelheuer, 2001 ). We infer a total global emission of BC from aircrafts of 5.3 GgC yr −1 for the fleet in 2000. In comparison, Hendricks et al. (2004) established a total global emission of BC from aircrafts of 4.7 GgC yr −1 for the fleet of 1992. Baumgardner et al. (2004) report highly variable BC mass concentrations ranging from 0.2 to 1000 ng m −3 in the Arctic stratosphere. The contribution of BC emissions from aircraft alone could not explain the higher values of this range, hence tropospheric mid and high-latitude sources are likely to contribute significantly to these high concentrations measured over the Arctic.
The emissions of organic condensate from aviation are highly uncertain, Lee et al. (2009b) report a range for the emission factor from 0.0065 to 0.05 g/kg fuel, using assumptions of constant particle diameter and a density of 1 g cm −3 . We take the upper limit of this range to estimate maximum values for organic carbon produced from aircrafts (Table 1) .
Aerosol Module INCA-AER (Referred to as LSCE) and LMD radiation code
The aerosol module INCA (Interactions between Aerosols and Chemistry) is coupled to the general circulation model, LMDz, developed at the Laboratoire de Météorologie Dynamique in Paris. The gas phase chemistry part is described by Hauglustaine et al. (2004) . Aerosols and gases are treated in the same code to ensure coherence between gas phase chemistry and aerosol dynamics as well as possible interactions between gases and aerosol particles. The simulations described here were done with a horizontal resolution of 96×72 and the vertical direction was discretized into 19 layers. Each simulation lasted 14 months and the 2 first months were used as a spin-up period. INCA accounts for the following four basic properties of the ambient aerosol matter: size, chemical composition, hygroscopicity and mixing state of the particles. The size of the aerosol is represented in INCA through a superposition of lognormal distributions. This multimodal approach allows the representation of the coexistence of externally and internally mixed particles with a limited number of tracers. In this work, we treat the sulphate and OC as external mixtures. Black carbon is considered either as externally mixed either or as internally mixed. In the case of internally mixed BC, we follow the suggestion of Bond et al. (2006) : increase the absorption for hydrophilic BC particles by 50% while no change is applied to hydrophobic BC particles. Submicron aerosols are transported into two distinct modes, one that is soluble (rather hygroscopic) and a second one that is insoluble.
The carbonaceous aerosol fraction is composed of various products of incomplete combustion of fossil fuels and biomass. Direct particle emissions contain both soot and organic matter. These substances are to a certain degree internally mixed and often difficult to separate in chemical analysis. However, the optical properties of the aerosol depend largely on the amount of BC that is present. Organic carbon was considered as a very weakly absorbing aerosol. In INCA, we keep track of both soluble and insoluble BC and POM. We assume that primary, insoluble carbonaceous particles become soluble with time. This ageing process transfers smaller size insoluble accumulation mode particles into the larger size soluble accumulation mode, decreasing slightly the mode diameter of the latter. The half life of ageing for BC and POM is taken as 1.1 days based upon Cooke and Wilson (1996) . A ratio POM:OC=1.4:1 was used. This value corresponds to the low range of the values reported in Turpin et al. (1999) .
The uptake and loss of water on aerosol particles (hygroscopicity) is generally fast and depends on the chemical composition, size and surface properties of the aerosol particle. Hygroscopic growth (HG) of aerosol particles is a major factor that determines the optical parameters of an aerosol population. Several attempts have been made to establish growth factors as a function of composition and size. Swietlicki et al. (1999) report many measurements where hydrophobic and hydrophilic particles coexisted.
In the case of an aerosol internally mixes, INCA takes into account the observation that two particles with different HG factors appear upon hydration of dry particles of a given diameter. This separation is represented through the two modes: a soluble one and an insoluble one. HG changes the particle diameter, the aerosol composition and particle surface characteristics. It is computed as a function of chemical composition in each mode. The parameterization follows initial ideas of Gerber's experimental work (Gerber, 1988) . Gerber had established an approximate formula for aerosol growth behaviour of rural aerosol and sea salt. Our first assumption is that the hygroscopic growth of the ambient aerosol lies in between that of sea salt and of rural aerosol and is a linear function of the aerosol composition. In the case of an externally mixed aerosol, BC, OC and SO 4 are then considered separately to determine their optical properties. The wet diameter of the aerosol is chosed to be the same as in the case of the internal mixtures, but optical properties of the individual components are determined from a look-up table which accounts for the ambient relative humidity in the model gridbox.
The solar radiation code in the LMDZ GCM consists of an improved version of the parameterizations of Fouquart and Bonnel (1980) . The shortwave spectrum is divided into two intervals: 0.25-0.68 and 0.68-4.00 µm, respectively. The model accounts for the diurnal cycle of solar radiation and allows fractional cloudiness to form in a grid box. The reflectivity and transmissivity of a layer are computed using the delta Eddington approximation (Joseph, 1996) in the case of a maximum random overlap (Morcrette and Fouquart, 1986) by averaging the clear and cloudy sky fluxes weighted linearly by their respective fractions in the layer. The radiative fluxes are computed every two hours, at the top-ofatmosphere and at the surface, with and without the presence of clouds, and with and without the presence of aerosols. The clear-sky and all-sky aerosol radiative forcings can then be estimated as the differences in radiative fluxes with and without aerosols.
University of Reading (UREAD): radiation code
The same aerosol mixing ratios calculated within the INCA aerosol module as described in the previous section are used here, therefore the state of mixing of the aerosol is treated in the same way as in INCA.
The radiative forcing due to the different aerosol types is calculated using the offline version of the radiation scheme that is used in the UK Met Office Unified Model (UM) by Edwards and Slingo (1996) . The code is based on the twostream equations and uses the delta-Eddington approximation in the solar region of the spectrum. The spectral resolution in this code is variable. Six spectral bands in the shortwave part of the spectrum are used here. Rayleigh scattering and multiple scattering between cloud layers are included. Solar insolation is calculated as a function of latitude and day of the year (one calculation per month). The diurnal variation in the radiative forcing due to the variation of the solar zenith angle was taken into account by performing three calculations per half-day for zenith angles and then using Gaussian integration to produce the diurnal mean. The calculations are performed on a 3.75 • ×2.5 • horizontal grid. The atmospheric profiles of temperature, vapour-, ozone-mixing ratios, as well as the surface albedo, are taken from a climatology constructed from a 50-year control run of the Unified Model. Cloud fraction and optical depths for high, medium and low clouds, were taken from the International Satellite Cloud Climatology Project climatology (Rossow and Schiffer, 1999) . These clouds were inserted into the UM profiles at the closest vertical level, and random overlap between vertical levels was assumed. The algorithms used by this radiation code as well as the number of spectral bands (six compared to two in the LMDZ GCM) suggest that the UREAD code produces a more precise computation compared to the LMD radiation code described above.
The model includes the scattering and absorption properties of aerosols via the specific extinction coefficient, the single scattering albedo, and the asymmetry factor. They were calculated using refractive indexes from Toon and Pollack (1976) , in the case of ammonium sulphate and WCP (1986) for BC, a more detailed description on these calculations can be found in Haywood and Shine (1995) . The optical properties for organic carbon are taken from the HadGEM2 version of the UM and are derived from biomass burning aerosols (N. Bellouin, personal communication, 2008) . The lognormal size distribution has a radius of 0.12 µm and a standard deviation of 0.13 µm. The real part of the refractive index is that of aged biomass burning, and the imaginary part is assumed to be wavelength independent at 0.006. This leads to a single scattering albedo of about 0.97 at 0.55 micron. Hygroscopic growth factors are those of biomass-burning aerosols.
Universtity of Oslo (UiO) Aerosol model and radiation code
Oslo CTM2 is an off-line global aerosol and chemistry transport model that uses European Centre for Medium-Range Weather Forecasting (ECMWF) meteorological input data (Berglen et al., 2004; Isaksen et al., 2005; Myhre et al., 2009) . The model includes a detailed chemistry scheme (Berntsen and Isaksen, 1997) and all main aerosol components such as mineral dust, sea salt, sulphate, nitrate, ammonium, black carbon, and primary as well as secondary organic carbon (Myhre et al., 2009 ). The meteorological data used in this study is from year 2003 and the model is run with a T42 horizontal resolution and 60 layers in the trosposphere and the stratosphere. A 2-months spinup period was used to allow the aerosol concentrations to reach quasi-equilibrium. The aerosol optical properties are calculated using Mie theory which involves information about aerosol size, refractive index, density, as well as aerosol hygroscopic growth; see Myhre et al. (2007) for more details. The carbonaceous particles are modelled as hydrophobic and hydrophilic particles with a conversion time of 2.5 days between these transported species based on Maria et al. (2004) . The much longer conversion time than the 1.1 day used in the LSCE can explain the higher carbonaceous aerosols burdens for the UiO model compared to the ones obtained with the LSCE model. Oslo CTM2 has been compared to aerosol remote sensing results and ground based in situ measurements and radiative forcing of the direct aerosol effect over the industrial era for various aerosol components has been simulated (Myhre et al., 2009 ). Bond and Bergstrom (2006) have made a critical assessment of the factors that influence the optical properties of BC. In the simulations for this study we use size distributions, refractive index, and density so that the absorption coefficient is close to the recommended value from Bond and Bergstrom (2006) of 7.5 m 2 g −1 for freshly emitted BC. Sensitivity tests have been performed for other choices of size distributions, refractive indices, and densities giving small impact on the radiative forcing due to BC (Myhre et al., 2009 ). However, it should be noted that a lower density or higher refractive index than recommended is necessary to derive the recommended absorption coefficient.
In this paper a lognormal size distribution with geometric radius of 0.0118 µm and standard deviation of 2.0 was assumed for emitted BC particles. A test was done with a geometric radius of 0.04 µm and standard deviation of 1.5, the discussion of how it improves consistency can be found on page 1384 in Myhre et al. (2009) .
Scattering aerosols are important as they enhance the absorption due to increased diffuse solar radiation leading to an increase in the radiative forcing of nearly 10% in simulations of fossil fuel BC over the industrial era (Myhre et al., 2009 ). All the main aerosol components at their present abundances are included in the simulations of traffic related direct aerosol effect. For the radiative forcing calculations of organic carbon pure scattering aerosols are assumed and a ratio of OM/OC of 1.6 is adopted.
The radiative forcing calculations in Oslo CTM2 are performed with a multi-stream model using the discrete ordinate method (Stamnes et al., 1988) . The radiative forcing is calculated at the top of the atmosphere with radiative transfer calculations every three hours. Figure 2 shows the geographical distribution of the annualmean forcing for all three models for all three sectors, for the sum of all aerosol components. Figure 3 shows the zonalmean results and shows, in addition, the results for each aerosol component, Fig. 4 shows the corresponding globalmean results in the case of an internal mixture. Figure 5 shows the global-mean forcing for each sector with all the components summed together. It should be noted (see Fig. 2 ) that the advection of the aerosol components, and their precursors from their emission sources, means that the forcing over the oceans due to road traffic emissions, and the forcing over land due to shipping emissions can be substantial, especially in regions immediately downwind of areas of large emissions.
Radiative forcings

Radiative forcing from the road sector
Black carbon is the dominant contributor to the radiative forcing of aerosols emitted by road activities (Table 2, Figs. 3 and 4). All three models (Fig. 2) show maxima for the total (sum of BC, OC, and sulphate) direct aerosol effect at Northern mid-latitudes and also over North Africa and the Arabian Peninsula, regions with relatively low cloud-cover. Other regions where maxima occur are: Western and Central Europe, Eastern US, South Asia and Eastern China. Not surprisingly, these regions are also where the highest emissions take place (Fig. 1) 
Fig. 3.
Zonal-mean all-sky radiative forcings (mW m −2 ) of the direct aerosol effect from the three models. The panels are presented in the same order than in Fig. 2 . As in Fig. 2 , the radiative forcing from UiO model is presented for BC internally mixed with the other components of the aerosols, whereas the radiative forcings for LSCE and UREAD models are presented for an external mixture of aerosols. 
Externally mixed aerosols
The average net radiative forcings from the three aerosol components (BC, OC and sulphate) considered as an external mixture, amount respectively to: +14.1, +17.7 and +27.8 mW m −2 in the three radiation codes, respectively: UREAD, LSCE (Laboratoire des Sciences du Climat et de l'Environnement) and UiO. The much higher value obtained in the case of the UiO model can mainly be explained by the higher burden as shown in the normalized radiative forcing in Table 3 . The higher burden in the UiO model is to a large degree due to the extended lifetime of hydrophobic particles based upon measurements reported in Maria et al. (2004) . The absorption and total extinction used in the three models agrees within 10% as shown in Table 3 and the variation in the normalized radiative forcing is much smaller than what is typical between various global aerosol models (Schulz et al., 2006) .
Internally mixed aerosols
As noted in Sect. 2.6, the UiO model includes both internal aerosol mixtures and the effect of enhanced absorption due to the extra diffuse radiation scattered from other aerosol components. Measurements of the size of particles emitted from vehicles that use either diesel or gasoline has been reviewed by Bond et al. (2006b, Table 3 ). For diesel, the studies cited report particle sizes with count mean diameter that range between 22 and 120 nm. For gasoline powered vehicles, the size of particle emitted measured at the tailpipe is reported to range from 18 to 150 nm. The absorption amplification is defined by Bond et al. (2006b) as the ratio of absorption by a mixed particle to absorption by a pure particle when both particles contain the same amount of light-absorbing carbon mass. It ranges from 1.15 to 2.5 for particles with these sizes in the case of small size shells. Particles in plumes away from sources have grown to diameters larger than 110 nm through condensation and coagulation processes. For particles in these size ranges, particle amplification ranges from 1.0 to 2.5, only in the range 110-150 nm absorption amplification can reach 3.0. In the case of a wide size distribution, the absorption amplification grows to a maximum of 1.9. Based upon their results, Bond et al. (2006b) suggested a simplified approach for models that consider hydrophilic and hydrophobic particles separately. For hydrophilic particles, it is suggested to increase of the absorption by 50% but not to increase it for fresh BC particles. This approach leads to an increase in the radiative forcing by 31% for the road sector in global calculations of the UiO model and 43% in the LSCE or UREAD model that have the same assumptions concerning the partitioning between soluble and insoluble BC (see right hand columns of Table 2) . Table 2 and Fig. 4 present the global-mean radiative forcings for the 3 models and for all components (BC, OC and SO 4 ) produced from transportation. The internally mixed hypothesis leads to an estimate for radiative forcing from BC of +57.6, 38.0 and 34.9 mW m −2 for the UiO, LSCE and UREAD models, respectively. The difference between the UiO model and the two others is to a large part due to the higher burden of BC assumed (longer lifetime for the hydrophobic fraction). For this case the normalized radiative forcing is quite similar (not shown).
Compared to OC and SO 4 , BC dominates the radiative forcing from the road sector. The combination of OC and SO 4 in all three models accounts for −9 to −16 mW m −2 . Köhler et al. (2001) , with emissions of BC from roads that are 3 times the inventory from Borken et al. (2007) , did a rough calculation based upon a simplified description of the BC cycle. They estimated a direct radiative forcing for BC of 80 mW m −2 . If we scale the amount of black carbon that is used by these authors to that used in the present study, the direct forcing obtained is 27 mW m −2 in good agreement with the results presented here for the external mixture. In Table 7 of Schultz et al. (2004) , the combined direct and indirect effect of BC of 64 to 160 mW m −2 is reported. The atmospheric load of BC from road traffic (52.9×10 −6 g m −2 ) is to 2.8 times greater than estimated in this work. The normalised forcings from the three models in Table 3 (1200 to 1430 W g −1 ) are in the low range of the ones reported by Schultz et al. (2004) (1210 to 3100 W g −1 ). The radiative forcing for OC in this study is substantially weaker than in Fuglestvedt et al. (2008) . The mean estimate for BC (external mixture) in this study is stronger than in Fuglestvedt et al. (2008) . Fuglestvedt et al. (2008) compared the UiO model results to previous results from the literature and estimated a range of the radiative forcing of BC from road activities. This estimated range is from 14 to 32 mW m −2 (Table 4) . The results reported here indicate higher values from 24.4 to 57.6 mW m −2 when both externally and internally mixed BC are considered. More recently, Unger et al. (2010) used the −0.3±0.6 −0.3±0.6 −11 to −2 −13 GHG +31±31 * The ranges reported here were obtained through Monte Carlo simulations that included uncertainties in emissions (see Table 3 of the Supplementary Material in Fuglestvedt et al., 2008) . * * GHG stands for the effect of the following greenhouse gases: CO 2 , ozone and CH 4 lifetime as best estimates from Fuglestvedt et al. (2008) , Supplementary Information, Table 5 .
Comparison with previously published results
Fast track inventory for on-road and off-road transport. The BC emissions from on-road traffic in this inventory amounts to 1235 Ktons yr −1 and the corresponding radiative forcing is estimated in this work to be 71 mW m −2 . By comparison, the present work uses the QUANTIFY based estimate of onroad emissions is 722 Ktons yr −1 and the radiative forcing for BC internally mixed is 44 mW m −2 (Table 3) . Koch et al. (2007) also report the contribution of sectors to aerosol direct. Radiative forcings for BC for all transport sectors combined amount to 56 mW m −2 .
Radiative forcing from the ship sector
The radiative forcing from sulphate produced from shipping activities overwhelms the forcings from the two other components: BC and OC (see Table 2 and Fig. 4 ). This is also true for aerosol loads and optical depth ( Table 1) . The overall effect of the three aerosol components (sulphate, BC and OC) is largely dominated by sulphate as the sum of BC and OC contribution does not exceed 1 mW m −2 in any of the 3 models. The combined radiative forcing from the sum of sulphate, BC and OC produced by shipping emissions is dominated by the negative sulphate contribution. The geographical distribution of aerosol concentrations which are predominant over oceanic surfaces with a low albedo, also reinforces this negative raditive forcing. Only over surfaces with very high albedos (snow-and ice-covered regions) does this forcing have a positive sign. In Fig. 2 , aerosols are treated as externally mixed for the LSCE and UREAD models, whereas BC is internally mixed with other aerosols in the case of the UiO model. When aerosols are treated as an internal mixture, most of the areas that are covered with snow for more than 6 months of the year, exert a positive forcing (Fig. 2) . Areas that are particularly affected by aerosols from shipping activities are: the North Sea, the western coasts of Europe, the Mediterranean, the tropical Atlantic and the northern Indian Ocean. The global-mean sulphate radiative forcings from the three models are: −30.1, −23.2 and −25.6 mW m −2 (see Table 2 ). et al. (2007) estimated the direct radiative forcing from sulphate, nitrates, ammonium and associated liquid water at the Top-of-Atmosphere (ToA) from the three shipping inventories they used to range between −11 to −13 mW m −2 under all-sky conditions. Fuglestvedt et al. (2008) compared UiO model results to previous results from the literature came up with a range from the ship sector that span from −46 to −13 mW m −2 . The range we report here is much narrower. The total direct aerosol radiative forcings from shipping activities obtained in this work are respectively: −30, −23 and −26 mW m −2 for the three radiation codes. This narrower range could come from the use of a single emission inventory.
Comparison with previously published results
Lauer
Radiative forcing from the aviation sector
The radiative forcing from the aviation sector shows the highest contrast between the two cases when the aerosol components are treated as an internal or external mixture. The internal mixture with the BC as the core and the SO 4 as a shell is an efficient absorber and shows prominent areas with positive forcings not only over regions that are snow covered but also between the Equator and around 30 • S (Fig. 2) . In this work the contribution of the sum of BC and SO 4 to the radiative forcing from aviation is respectively +0.1 and −1.1 mW m −2 for the case of BC externally mixed and +0.3 to −1.0 mW m −2 when BC is considered internally mixed with sulphate. For these estimates, the two radiation codes from UiO and LSCE were used.
The work of Danilin et al. (1998) presents one of the first estimates of radiative forcing from soot and sulphur emitted from aircraft. In that paper, eleven models were intercompared in an aircraft fuel tracer simulation based upon a 1992 inventory. The authors derived upper limits for stratospheric H 2 O build-up from aircraft as well as aviation induced aerosol loads. As reported in IPCC (1999) this work led to an estimate of the radiative forcing of BC from aircraft emissions for the year 1992 in the range of 1 to 6 mW m −2 .
For sulphate, all the sulphur produced is converted to sulphate and the emission factor is 4×10 −4 kgS (kg fuel) −1 . Kjellström et al. (1999) point out that the contribution of aircraft sulphate to the total burden is less than 1% (0.16% in their work and 0.30% in our simulation). The radiative forcing of the direct aerosol effect from the aviation sector is less negative in this study compared to Fuglestvedt et al. (2008) . It agrees with the mean value reported from the project TRADEOFF reported in Lee (2004) .
Conclusions
We have computed the radiative forcings of aerosol from road, ship and aviation transport using two different aerosol models (LSCE and UiO) and three different radiation codes (LSCE, UREAD and UiO). The differences between the forcings from these models originate from their treatment of the aerosol cycle, the assumptions about aerosol component mixing and probably from differences between the respective radiation codes, e.g. such as the methods of calculating both single and multiple scattering and the number of spectral bands (see e.g. Schulz et al., 2006) .
For the road subsector, the net direct radiative forcing is dominated by the black carbon component that accounts for a much larger fraction of the total forcing than either OC or SO 4 (Fig. 4) . When BC is internally mixed with the other aerosol components, RF for the sum of BC, POM and SO 4 ranges from +24.6 to +41.4 mW m −2 for the three radiation codes, whereas when the aerosols are considered externally mixed, RF ranges from +14.1 to +27.8 mW m −2 . Based upon the black carbon property reported in the literature, the radiative forcing from road transport is more likely to be represented by the higher net forcing reported for the case of the internal mixture. This higher value is due to the following property: the enhanced BC absorption when a shell of scattering material (OC and SO 4 ) is present (Bond et al., 2006; Fuller et al., 1999; Haywood and Shine, 1995) . For internally mixed aerosols, the net direct radiative forcing from the road sector represents 13 to 21% of the radiative forcing due to greenhouse gases (CO 2 , O 3 and CH 4 lifetime) which adds up to 192 mW m −2 (see Table 5 from Supplementary Information from Fuglestvedt et al., 2008) .
In the case of shipping, the net direct aerosol radiative forcing is negative (Fig. 4) . This forcing is dominated by the contribution of the sulphate component of the aerosol; the small contributions of OC and BC tend to compensate each other. For an internal or an external mixture, the radiative forcings from shipping range from -30 to -23 mW m −2 and hence is only slightly dependent on the mixing assumption. The small differences between these results are attributable partly to differences in burden and extinction coefficients for sulfate (which can differ by the treatments of hygroscopic growth that differ in the models), and probably partly to the details of the radiation codes. The small difference between internal and external mixtures is attributable to the fact that for shipping sulphate dominates, where mixing assumptions is thought to be of smaller importance. All models show a positive global and annual mean radiative forcing of the total direct aerosol effect for the road transport sector and a negative radiative forcing for the shipping sector (Fig. 5) . This result is independent of the mixing assumption of BC, which is shown to impact the magnitude of the radiative forcing.
For aviation, the net radiative forcing is much smaller compared to the two other subsectors (Fig. 4) . Sulphate and BC have opposite contributions to the radiative forcing that can cancel each other (Figs. 3 and 4) . For an external mixture, we find a net RF for the LSCE and UiO models of respectively, −1.1 to +0.1 mW m −2 whereas for internal mixture these RF from aviation are −1.0 and +0.3 mW m −2 . The emissions of aerosols and their precursors from aviation are much smaller than from the two other transport sectors and thus the radiative forcing is weak.
These main findings are consistent with results in the only multicomponent model study of the different transport sectors (Fuglestvedt et al., 2008) . They add the following information compared to the results that are summarized in Fuglestvedt et al. (2008) :
-the positive direct forcing of aerosols from the road sector (+20±11 mW m −2 for an externally mixed case, and +32±13 mW m −2 when BC is considered internally Y. Balkanski et al.: Direct radiative effect of aerosols emitted by transport mixed) is much stronger than the previous estimate suggested (+3±11 mW m −2 ).
-This study indicates that the direct effect of aerosols produced from shipping activities is better constrained than previously estimated.
-The direct radiative effect of aerosols from aviation is small compared to the aerosols produced from road and ship activities.
